Adding whey protein concentrate (WPC80) and cashew pulp (CP) to extruded snacks can reduce overall carbohydrate content. In this study, barley, cassava, corn meal and quinoa were blended with WPC80 (12.5 wt%) or with CP (12.5 wt%), then extruded and baked. The products' rapidly available glucose values or potential glycemic index were: quinoa (70%), barley (61%), corn (54%), and cassava (48%). Adding WPC80 with or without CP improved the glycemic potential values for barley and quinoa, but not for cassava, which increased from 61 to 77%. Adding WPC80 or CP had no effect on corn products.
INTRODUCTION
Snack products may be developed to help mitigate the growing worldwide nutritional imbalance associated with negative health effects such as high incidence of obesity. The increasing consumption of low-nutrient-dense snacks such as puffed flavored corn curls or potatoes comprised of mostly starches, are implicated in the growing obesity trend. Obesity is associated with the epidemiology of other metabolic syndromes. [1] Consumption of starch-based high-energy low-nutrient-dense foods raises blood sugar rapidly and are termed high glycemic foods, e.g., corn puffs. High glycemic foods are reported to play a role in increasing obesity and diabetes in the U.S. [2] [3] [4] [5] Collinearly, underconsumption of micronutrients such as iron, zinc, and vitamin A has been reported in other parts of the world where snack consumption is replacing traditional meals. [6] The glycemic index measures the rapid increase in blood glucose following consumption of carbohydrates. [7] It has been recommended that metabolically-at-risk consumers such diabetics and the elderly need to consume low glycemic response foods or whole grain and dietary fiber foods associated with reduced disease risks. [8] The glycemic response, the effects that carbohydrate-containing foods have on blood glucose concentration during the digestion process, can be estimated through in vivo response to a reference food, typically white bread, over a 2 hour period. [9] Glycemic index and response, by definition, require the use of human subjects to measure the glucose response in vivo. But, good estimates of the glycemic response of a food product can be made in vitro, without using human subjects, to predict the potential glycemic responses of a food product, such as rapidly available glucose (RAG), or slowly available glucose (SAG). [10, 11] Nutrient-rich cheese whey proteins, available in different concentrations, such as whey protein concentrates, isolates, and lactalbumin, can be combined with starchy snacks to improve their nutrient profile when used to make products for human diets. Such products were demonstrated by combining whey protein and others starches such as corn or wheat or rice using the twin extrusion process to increase the potential nutrient value of snack foods. [6, 12] Recent research has shown that diets with a reduced ratio of carbohydrates to protein or whole meals are beneficial for weight loss; also, whey proteins rich in leucine, a branched chain amino acid (BCAA) are reported to help in weight loss diets and glucose management. [3, 14, 15] Whey proteins contain higher levels of BCAA and leucine (26 g and 14 g) per 100 grams of protein than in any other proteins. [16] Though unrefined grains such as corn, rice, and wheat high in fiber content are needed for healthful snack products, mostly refined fast digesting carbohydrate sources deficient in fiber are used. [17] Population studies have shown that consumption of whole grain products diminishes the risk of serious diet-related diseases. [18] To boost the fiber content on healthy snack products fibers such as cereal wheat bran are substituted. [6, 18, 19] Associated healthful benefits of increasing fiber consumption may include: reducing risk of some types of diseases including breast cancer, coronary heart disease, regulating blood glucose and insulin, lowering the concentration of blood lipids, reduced risk of cardiovascular disease and controlling diabetes, and alleviating constipation and weight management. [20] Extrusion processing offers versatility in forming materials for various functional uses; it is well suited for creating a high complex fiber product. [21] A complex product combining cereal grains, flours, whey protein concentrates, and cashew pulp may perform as a low glycemic potential snack particularly by reducing the rate of glucose digestion in the gut. Specifically, this research investigated the use of cassava, quinoa, and barley, as an alternate source of carbohydrate, along with cashew pulp (Anacardium occidentale L., 41% fiber) as an alternate source of fiber, and whey protein concentrate (80% protein) to increase protein content in extruded, partially cooked (half-product) snacks, which were subsequently fully cooked by baking or frying. The process conditions, quality attributes, and potential glycemic response effects were identified.
MATERIALS AND METHODS
Malted barley flour (10% moisture, 2% fat, 14% protein, 1.5% ash, 1.5% non-soluble fiber, carbohydrate by difference) was purchased from ConAgra Foods (Omaha, NE). Commercial tapioca pearl made from cassava starch (13% moisture, 1% fat, 1% protein, 1% ash, 3% non soluble fiber, carbohydrate by difference) with small particles ranging from 1 -2 mm was received gratis from AKFP (American Key Food Products, Closter, NJ).
Degermed medium yellow cornmeal (12% moisture, 1% fat, 8% protein, 1% ash, 1% nonsoluble fiber, carbohydrate by difference) was purchased from AGRICOR, Inc. (Marion, IN). Quinoa, a whole grain grown in the high Andes of South America (11% moisture, 7% fat, 16% protein, 3% ash, 4% non-soluble fiber, carbohydrate by difference) was purchased from Quinoa Corporation (Gardena, CA). Whey Protein Concentrate (WPC80), (5% moisture, 8% fat, 80% protein, 4% ash, 0% non-soluble fiber, carbohydrate by difference) was purchased from Davisco Foods International, Inc. (Eden Prairie, MN). Cashew pulp (Dwarf cashew variety developed by Embrapa, Brazil Ministry of Agriculture, Anacardium occidentale L.), received from Embrapa Food Technology (Rio de Janeiro, Brazil), was prepared from cashew fruits purchased from Nolem Comercial Importadora e Exportadora S.A. (Fortaleza, Brazil; www.nolem.com.br). The cashew fruits were stored in plastic trays at ∼10°C. After unpacking and nut removal, cashew "apples" fruit portion were soaked in a 30-ppm chlorine solution for 20 min before pulverization using a Geiger UM 12 cutter (Pinhais, Brazil). The pulp was separated from the juice with a Bonina 025 DF Itametal depulping machine (Itabuna, Brazil) fitted with a 0.6 mm aperture sieve. The pulp was dried at 60°C for 24 h in an Embrapa patented electric fruit fan dryer (Brazil #: MU 8302917-6) (Rio de Janeiro, Brazil). Dried pulp with 7% moisture was milled in a TREU hammer/knife mill (Rio de Janeiro, Brazil) fitted with a 0.8 mm sieve. The resulting cashew pulp (CP) (5% moisture, 1.5% fat, 9% protein, 1.7% ash, 41% non-soluble fiber, carbohydrate by difference) was blended with the barley, cassava, corn, or quinoa for extrusion of half-products. Detailed proximate compositions of the ingredient formulations are presented in Table 1 .
Extrusion Processing
A ZSK-30 twin-screw extruder (Krupp Werner Pfleiderer Co., Ramsey, NJ) with a smooth barrel was used. The extruder has nine zones, and the effective forming zone temperatures were set to 100, 90, 70, and 60°C, respectively, for zones 6, 7, 8, and 9. Zones 1 to 2 were set to 35°C, 3 to 50°C, 4 to 80°C, and 5 to 90°C. Melt temperature was monitored behind the die. The die plate was fitted with a single flat die of 3 × 30 mm. The screw elements were selected to provide low shear at 300 rpm; the screw profile was published by Onwulata et al. [19] Feed was conveyed into the extruder with a series 6300 digital feeder, type T-35 twin screw volumetric feeder (K-Tron Corp., Pitman, NJ). The feed screw speed was set at 600 rpm, corresponding to a rate of 6.3 kg/h for all products. Water was added into the extruder at the rate of 1.0 L/h with an electromagnetic dosing pump (Milton Roy, Acton, MA). Half-products were collected after 25 min of processing, dried in a laboratory oven at 60°C for 10 min, and stored at 20°C until thawed at ambient temperature, and analyzed.
Moisture content was measured as per Method #925.09, AOAC, 1998, using a vacuum oven. Water absorption (WAI) index was determined using a modification of the AACC method #56-20 (27) . Products were ground in a laboratory blender and sifted through a 210 micron sieve. Samples (1.0 g ± 0.005 g) were placed in tared 50 mL polystyrene centrifuge tubes and wet with 10 mL distilled water. After standing for 15 min (with shaking every 5 min), the samples were centrifuged for 15 min at 1000 g (Econospin Model, Sorvall Instruments, Wilmington, DE). Weight gain in the pellet was determined after the supernatant was decanted into a tared aluminum pan. The supernatant was dried overnight under vacuum at 90°C. WAI was calculated as follows: WAI = [(Weight gain of the material)/(dry weight)].
A Rapid Visco Analyser (RVA, Newport Scientific, Warriewood, Australia) was used to measure the apparent viscosity of samples as a function of temperature. The dried samples from stored extrudates were milled using a laboratory disc mill (Model 3600, Perten Instruments, Huddinge, Sweden). Measurements were made on products passing through a 250-μm sieve and retained on 106 μm. A 2.5 g specimen, adjusted to 14% moisture basis, was added to 25 g distilled water. The time-temperature profile followed the RVA general pastry method #1 (ICC Standard Method #162) and included initially holding the sample with the paddles rotating at 160 rpm, at 50°C for 4 min, to investigate the cold-swelling starch peak. The specimen was heated to 95°C at a constant rate of 12°C/min, held at that temperature for 3 min, and then cooled to 50°C in 4 min at the same rate.
Thermal transitions generated by dynamic scanning calorimeter (DSC) using 25-30 mg samples of the raw blends mixtures and extruded specimen were analyzed in a Q100 DSC (TA Instruments, New Castle, DE) calibrated with indium. The powders and extruded products were placed in hermetically sealed aluminum pans and scanned using the modulated DSC program (MDSC) with a modulation period of ±0.16°C and a scanning rate of 1°C/min from − 20°C to 200°C. Differences in the gelatinization enthalpy (J/g), values for the raw carbohydrate sources and their respective half-products were calculated as percent gelatinization.
The in vitro rate of the digestion of ground specimens of barley, cassava, corn or quinoa and their blends with WPC80 and CP were measured using methods described by Englyst et al. [22] determining rapidly available glucose (RAG), glucose available in 20 min, and slowly available glucose (SAG), glucose available in 120 min, as in vitro predictors of the glycemic response of food formulations. The chemometric hydrolysis methods are described in detail by Englyst. [23] For the hydrolysis, 0.8 to 1.5 g milled specimen was incubated with enzyme cocktail consisting of 2.8 ml amyloglucosidase (Sigma Aldrich, St. Louis, MO) and 8.0 mL deionized water (140 AGU/ml amyloglucosidase), 3.0 g pancreatin (Sigma Aldrich, St. Louis, MO), and 20 ml sodium acetate buffer (prepared by dissolving 16.6 g sodium acetate trihydrate (Sigma Aldrich, St. Louis, MO) in 250 ml saturated benzoic acid and made up with deionized water to 1 L. RAG was measured with 0.5 ml hydrolysate removed after 20 min. incubation at 37°C. Another 0.5 ml was removed after 120 min. incubation at 37°C for determining SAG. RAG values are highly correlated to the glycemic index when tested against human subjects. [10, 22, 23, 24] . After the hydrolysis and digestion procedure, glucose values for RAG and SAG were determined using YSI analyzer model 2700 Select (YSI Life Sciences, Yellow Springs, OH). Glycemic potential was determined as the ratio of glucose in approximately 1 g carbohydrate in dry basis. [11, 24] For confocal laser scanning microscopy (CSLM), extruded half products (4 × 10 mm) were immersed in 20 mL aliquots of 2.5% glutaraldehdye-0.1 M imidazole solution (pH 7.0), to crosslink the protein components and amplify autofluorescence, then stored in sealed vials for 2 h. For imaging, pieces of the products were transferred to MatTek microwell dishes (MatTek Corp., Ashland, MA) and mounted on the stage of a model IRBE optical microscope system equipped with a 20× lens and coupled to a model TCS NT/SP confocal scanner head (Leica Microsystems, Exton, PA). Samples were illuminated with the 488 nm line of an Argon laser and reflection was collected in one channel, green autofluorescence (500-540 nm) and in some cases yellow-orange fluorescence (580-620 nm) from Nile Red staining was collected in a second and third channel. Overlays of the two or three channels were visualized in extended focus images to resolve the arrangement of components in the powder particles.
Baking/Frying
The extruded half-products were removed from refrigerated storage and left at ambient temperature (21°C) to equilibrate for 24 h before cutting into pieces of 30 × 30 mm. Then, 25 pieces of each product were fried and another 25 pieces were baked. The 25 half-product specimens were baked at 205°C for 24 min in a Despatch™ Rotary oven model #150 (Despatch, Minneapolis, MN). For frying, small batches of 4 to 5 pieces, were deep fried in vegetable oil at 190°C for 60 s in a De'Longhi Fryer, model D14427DZ (Saddle Brook, NJ). Frying was repeated until 25 specimens were obtained. The baked and fried specimens were subsequently analyzed for density, porosity, and breaking strength.
Bulk and particle or substance densities of the specimens were determined by an air pycnometer on ground fully cooked extrudates (Horiba Instruments Inc, model VM 100, Irvine, CA). Density tests were repeated in quadruplicates. Porosity was determined from density measurements (g/cm 3 ) made with an air pycnometer (Horiba Instruments Inc. Model VM 100, Irvine, CA). A 4 g specimen of the baked or fried extrudate (as is) was used to measure the whole piece density (r w ) and the ground particle or solid density (r s ) of the same piece was determined. Porosity was then calculated as: Porosity (Ρ) = [1 -(r w /r s )] * 100.
Breaking strength (hardness) was determined using a TA-XT2 Texture Analyzer (Stable Micro Systems, Surrey, England), outfitted with a 500 N load cell, running at a cross-head speed of 0.2 mm/sec, and fitted with a Warner-Bratzler shear cell (1 mm thick blade). Breaking strength (N) was measured as the maximum force required for breaking the extruded samples (30 mm pieces) in the shear cell. Data reported are averages of 10 specimens. A full factorial design was used for the experiments; the design was replicated, and samples were analyzed in triplicate. Analysis of variance was used to identify differences in the physical properties for the different materials at various processing conditions. The Bonferroni LSD method was used to test for mean separation, and the CORR procedure was used to test correlations. The statistical analysis system package was used (SAS Institute Inc, Cary, NC).
RESULTS
Formulating with WPC80 and dried cashew pulp (CP) boosted the protein and fiber content of all products significantly (p < 0.05), especially corn meal (Table 1) , a major grain used for puffed snack products. As formulated, barley (13.4% protein, 0.8% fiber) and quinoa (13.2% protein, 0.6% fiber) were higher in protein content than either corn (6.6% protein, <1.0% fiber) or cassava pearl (1.4% protein, 1.0% fiber). Cassava flour, not used for this work, has higher protein (2.3%) and fiber (1.7%) content. [25] Substituting 12.5 wt% of the material with WPC80 increased protein content 45 to 125% for all products. Similarly, fiber content was increased significantly (p < 0.01) for all products; the weight ratios ranged from 1.6 to 2.2 wt% with the added CP.
Representative photographic images of the baked products, barley, cassava, corn and quinoa, top view ( Fig. 1) , show different coloration and expansion for the products. Barley (1A) was most puffed, pillow-like; cassava (1B) was similarly puffed, but with ridges. Corn (1C) was not as puffed as the other products. Quinoa (1D) was puffed in the middle, but not as much as barley or cassava. The typical effects of adding WPC80 and CP to products are shown for barley products in Fig. 2 . The expanded puffed barley (2A) is followed by a flat shrunken barley and WPC80 (2B), showing the effect of adding WPC80, and a slightly expanded but discolored product, barley with WPC80 and CP (2C). The same patterns were observed for the others not shown. Similar effects were reported previously, for expanded corn, milk proteins and wheat bran fiber; [12] barley and oat bran added to wheat flour dough decreased thickness and spread, and caused discoloration. [6] Puffing and crust wall thickness created internal voids that entrapped moisture, resulting in rather large values for the products. Others have reported similar values for barley substituted for wheat in extruded "bread" product, noting that beta-glucans in barley binds an appreciable amount of water tightly. [56] In Fig. 3 , the confocal laser scanning images of dyed raw products, barley, cassava, corn and quinoa, show both starch (red) and protein (autofluorescence green). The intensity of the protein follows in increasing order: 3A, cassava (1.4%); 3B, corn (6.6%); 3C, quinoa (13.2%), and 3D, barley (13.4%). Correspondingly, as the protein content of the formulation increased with the addition of WPC80 the green autofluorescence increases. A typical image and material distribution in extruded half-products is shown for barley (Fig. 4) . Figure 4A is the non extruded barley grain; 4B is the extruded barley half-product with WPC80, showing directional flow patterns from extrusion shear plane and increased green autofluorescence from proteins. Barley containing both WPC80 and CP (4C), show large green autofluorescence bodies and more fiber-like structures from CP. Images containing CP have increased bright yellow areas that correspond to areas where protein, starch and sometimes CP, comingle.
Barley
The moisture, solubility, viscosity, gelatinization, and glycemic potentials (RAG or SAG) of barley specimens are presented in Table 2 . The moisture content of the formulations were not significantly different, but the addition of WPC80 at 12.5 wt% increased moisture content approximately 8%, and adding CP at 12.5 wt% added another 5% for a combined 14% increase in moisture during extrusion. Solubility and WAI patterns were significantly different (p < 0.05) when comparing the extruded half-products to their control specimens. Barley was significantly less soluble before extrusion possibly due to the presence of ungelatinized starch and intact fiber cells. It was shown previously that gelatinized starch increases water absorption. [26] When barley was combined with WPC80 or CP, the solubility of the raw products increased, but decreased significantly (p < 0.05) 
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after extrusion. This decrease in solubility can be attributed to denaturation of the proteins which has been shown to cause loss of solubility. [27] Water absorption index (WAI) increased significantly with extrusion for all barley formulations; possibly from the presence of gelatinized starch and fiber from CP. The effect of protein (whey proteins) on gelatinization is in line with the findings that higher amounts of protein in wheat starch increased onset and peak temperatures and decreased enthalpy. [57] Peak viscosity, as expected, was mostly higher in non extruded barley formulations containing non gelatinized starch, except for barley with WPC80; extrusion reduced peak viscosity significantly (p < 0.05) and adding both WPC80 and CP reduced viscosity even more (p < 0.05). Breakdown viscosity of non extruded barley was significantly (p < 0.05) higher than barley with WPC80, and significantly (p < 0.05) higher than barley, or barley with WPC80 and CP. Breakdown viscosity increased after extrusion for the three formulations, barley, barley and WPC80, and barley with WPC80 and CP; however, the increase was significant (p < 0.05) only with the addition of WPC80. Combining CP with WPC80 decreased breakdown viscosity. Peak viscosity, attributable to the thermal effect on starch, is an indication of degree of starch conversion and corresponds to the gelatinization peak. [28] Breakdown viscosity is related to the starch response to shear at constant rotation, and measures heat induced swelling and rupture of starch molecules, which results in the fall of viscosity. [29] Added protein from WPC80 protected starch breakdown in barley, maintaining peak viscosity. The presence of WPC80 and CP increased starch breakdown from increased moisture absorption. Dietary fibers are known to increase a formulation's water absorption capacity when incorporated into foods, making the surrounding food components dry and brittle, especially the insoluble fibers. For example, Sangnark and Noomhorn [30] reported that bread fortified with wheat bran at levels between 5 to 15 g/100 g resulted in significantly decreased expansion, and stickiness.
Extrusion cooking provided the thermal conditions necessary for starch gelatinization for all formulations, as peak gelatinization temperatures were similar, ranging from 50.1 to 82.3°C (Table 2) . Barley was 90.3% gelatinized, adding WPC80 interfered with gelatinization (98.0%) of barley starch (26.6%), but adding CP with WPC80 to barley increased gelatinization significantly (p < 0.05) more than barley alone. Perhaps barley starch cooked in the presence of protein lacked water due to competition for water by protein; hence, there was limited gelatinization of starch cooked in the presence of protein. [31] The glycemic potentials, both RAG and SAG were similar, but adding WPC80 reduced RAG by 12%, and adding both WPC80 and CP reduced RAG by 31%. There was no advantage with adding WPC80 and CP after 120 min digestion, SAG. Protein and dietary fiber are reported to markedly affect the glycemic index of foods, and reduces blood glucose response. [32] The baking and frying properties of barley half-products are presented in Table 3 . Baking extruded barley products reduced their moisture content significantly (p < 0.05) from 37% to less than 2%. Frying reduced moisture significantly (p < 0.05) from 37% to 16%. Bulk and substance densities were unchanged by baking and frying of barley extruded half-products. Overall, baking increased apparent porosity slightly for all products. Frying decreased apparent porosity, significantly (p < 0.05), particularly barley with WPC80. Extruded barley products, with whey and CP were very soft, less than 5 N. Baking and frying increased hardness. Frying increased hardness significantly (p < 0.05). Increased hardness may be the result of complete protein denaturation coupled with the texturing (increased denseness) imparted during extrusion. 
Cassava
The moisture, solubility, viscosity, gelatinization, SAG, and RAG of cassava specimens are presented in Table 4 . Moisture content of cassava formulations varied, but were similar after extrusion. The addition of WPC80 decreased moisture by 14%. Adding WPC80 and CP did not change moisture content; WPC80 and CP counteracted, leaving moisture unchanged. Extrusion cooking of cassava increased its solubility and WAI, but decreased peak and breakdown viscosity very significantly (p < 0.05). Reduction in peak viscosity was 36% with the addition of WPC80, and 57% with WPC80 and CP combined. A similar pattern was observed with breakdown viscosity, which was reduced 66% with addition of WPC80 and 80% with WPC80 and CP. Cassava was significantly less soluble before extrusion. When combined with WPC80 and or with CP, the solubility of cassava products increased. Extrusion cooking of cassava provided the melt conditions for partial gelatinization, less than 46% for all formulation. Peak gelatinization temperatures ranged from 52.7 to 68.6°C. Cassava was only 42.4% gelatinized, adding WPC80 reduced gelatinization to 40.7%, but adding CP along with WPC80 increased gelatinization slightly to 45.6%. RAG and SAG for cassava differed. Adding WPC80 increased RAG by 58% and adding both WPC80 and CP increased RAG by 26%; but with SAG adding WPC80 reduced SAG by 2%, and WPC80 with CP reduced it by 22%. Though Cui et al. [32] and others have reported decreased SAG with protein addition, in this study, we find that the effect of adding WPC80 and CP depends on the subject carbohydrate source, and does not result in lowering RAG in all cases. In cassava for instance, RAG increased.
The baking and frying properties of cassava products are presented in Table 5 . Baking extruded cassava half-products reduced their moisture moderately from an average of 19% to between 5.8 and 9.8%, with cassava, WPC80 and CP being the lowest. Frying reduced moisture slightly from 16.9 to 14.7%. Bulk and substance densities were similar for cassava products, with the exception of cassava with WPC80 and CP which was significantly (p < 0.05) denser than the others. Apparent volume and expansion were all similar, but hardness varied. Baking reduced overall hardness. Frying increased hardness. Baking reduced hardness significantly (p < 0.05) for cassava (47%), and very significantly (p < 0.01) for cassava with WPC80 (66%) and cassava with WPC80 and CP (86%).
Corn
The moisture content of corn and its half-products were about 22%. Water solubility and WAI increased for the extruded products. Solubility was suppressed with addition of WPC80 and CP to corn (Table 6 ). Peak viscosity was decreased 30% by extrusion; it was decreased further significantly (p < 0.05) by the addition of WPC80 and CP. Breakdown viscosity or starch rupturing was highest for corn (98.7 cP), but was significantly (p < 0.05) reduced with addition of WPC80 (47.3 cP), and WPC80 and CP (29.0 cP). Peak gelatinization temperatures ranged from 50.1 to 84.8°C; cornstarch gelatinization was moderate, ranging from 50.4 to 52.2%. Adding WPC80 or WPC80 and CP did not affect corn gelatinization. RAG decreased with addition of WPC80 (12%) and with WPC80 and CP (31%). SAG was not affected.
The baking and frying properties of corn products are presented in Table 7 . Baking reduced moisture more significantly (p < 0.05) than frying from a range of 14.4 to 24.0%, to between 1.3 to 3.7%. Frying reduced moisture only to a range of 8.7-11.6%. Bulk density was reduced by baking and frying; the addition of WPC80 to corn reduced density by 24%, and WPC80 with CP by 48%. Particle density was unchanged. Baking and frying increased apparent porosity, but more so frying. Baking expanded corn products, but the addition of WPC80 (20%), and WPC80 and CP (37%) suppressed their apparent expansion. Frying, the addition of WPC80 (13%) and WPC80 and CP (65%) increased apparent expansion. Frying increased expansion significantly (p < 0.05) over baking, except for fried corn with WPC80 and CP, which was not expanded.
Quinoa
The moisture content of quinoa products did not change with extrusion, but solubility decreased and WAI increased significantly (p < 0.05) ( Table 8 ). Peak and breakdown viscosity increased significantly with extrusion, but both were decreased by the addition of WPC80 (35 and 93%), and WPC80 and CP (59 and 54%), respectively. Peak gelatinization temperatures ranged from 52.1 to 87.2°C; gelatinization increased from 57.9% to 60.1% with addition of WPC80, and to 90% with WPC80 and CP. RAG decreased progressively from 61.2 % to 54.1% with WPC80, and to 42% with WPC80 and CP. SAG was increased with addition of WPC80, but decreased with the addition of WPC80 and CP. Baking and frying properties of quinoa half-products are presented in Table 9 . Baking extruded quinoa products reduced their moisture content very significantly (p < 0.01) from 19% to less than 4%, while frying reduced moisture significantly (p < 0.05) to 15% or less. Bulk density was increased, and volume expansion decreased by frying. Baking increased apparent porosity and volume expansion. Substance densities were the same for quinoa products. Frying increased hardness significantly (p < 0.05) more than baking, but both baking and frying reduced hardness at least four-fold when compared to the extruded quinoa half-products which were somewhat pliable but very hard.
DISCUSSION
There are health benefits from eating products made with whole grains such as improving atherosclerotic cardiovascular diseases and decreased body weight. [33] These health benefits are consistent with epidemiologic studies showing similar effects with incorporating cereal fibers in foods. [17] Blending and extruding carbohydrate products with whey proteins and fiber results in widely varying physical property responses such as moisture, solubility and water absorption, mainly from interaction or interference of the blended materials with the starch matrix. [34] Our results also show that the effect of blending WPC80 with CP depended on each product type, carbohydrate source, and that these effects changed. For example, with corn meal, adding WPC80 with or without CP increased moisture, and decreased solubility; but with cassava, there was a small decrease in moisture and a big increase in solubility. Solubility decreased for barley products. These different responses may be due to varying chemical and physical interactions occurring for extrusion, particularly as the moisture available to protein and starch during gelatinization and denaturation decreased. Diminishing available moisture for denaturation and gelatinization may account for the reduction or increase in percent gelatinization. Allen et al. [35] showed that protein concentration and starch type (corn starch or pre-gelatinized waxy starch) affected the water absorption index and water-soluble carbohydrate significantly, and that a covalent complex formed between amylose and whey protein. Extrusion lowers the water absorption water vapor due to decreased specific surface area associated with increasing expansion; this resulted in new structures formed. The new structures formed exhibited increased water vapor sorption capacity and specific surface area. [36] The differences in physical properties such as solubility, moisture content, and WAI, which varied with the products, are attributable to quality changes. For example, moisture content increased for barley, cassava, and corn, but not quinoa. Quinoa with WPC80 and CP was significantly less soluble. Incorporation of WPC80 and CP increased WAI. Chang et al. [37] described twin-screw processing of cassava starch and soy protein isolates, and reported decreased water absorption. Our results with cassava flour and WPC80 showed increased solubility and WAI, and decreased solubility for corn or barley blended with WPC80. Water content of barley half-products inversely affected hardness (R 2 = 0.82), but WAI was moderately related to breakdown viscosity (R 2 = 0.66); in the finished products, baked or fried, the higher the density, the less the porosity (R 2 = 0.95). With quinoa half-products, moisture content correlated with hardness (R 2 = 0.86). In the finished products, WAI correlated with breakdown viscosity (R 2 = 0.95), and inversely between WSI and peak viscosity (R 2 = 0.67). These correlations show that the effects of processing on functional properties are carbohydrate source dependent. These responses are not limited to temperature effects only, as suggested by Becker et al. [28] that starch cold swelling peak viscosity was the result of thermomechanical processes. The presence of extra protein and fiber also affects viscosity. This seems to be a generalized effect as Indrani et al. [38] showed that adding greater than 5% whey protein concentrate (37%) protein adversely affected the characteristics of flat bread (parotta) by decreasing peak viscosity, breakdown and setback values. Pogaku et al. [39] in a critical review of whey protein isolate-starch systems concluded that decreased viscosity and elastic modulus (G') was the generalized effect of increasing protein concentration.
Baking and deep fat frying are widely used in food processing both in the industry and in homes in many places in the world. Frying in an edible oil or fat above the boiling point of water facilitates the dehydration cooking process. [40, 41] These conditions lead to high heat-transfer rates, rapid cooking, browning, texture and flavor development. High heat-transfer rates are largely responsible for the development of the desired sensorial and textural properties in fried potatoes. [40] Frying increased hardness for all products; possibly, due to case hardening. Fried foods undergo physicochemical changes, which affects structural, textural and porosity by the heat-transfer induced phenomenon of shrinkage or puffing. [42] Kawas and Moireira [43] reported that during frying, tortilla chips experienced both shrinkage in the radial direction and expansion in thickness. Baik and Mittal [44] showed that frying at higher temperatures resulted in greater shrinkage at the same frying period in tofu samples. Product porosity is reported to affect the system energy and mass transport decreasing bulk density and increasing volume (puffiness). The crispy structure of potato chips is the result of changes at the cellular and sub-cellular levels in the outermost layers of the product. But, due to consumer health concerns in mitigating obesity from high energy dense processes and increased formation of acrylamide, a possible carcinogen, alternate processes such as baking, are now favored. [45] Baking increased the porosity of barley, corn and cassava products, except for quinoa and barley with WPC80 and CP where volume decreased. Formation of air cells and internal fissures play an important role in improving texture of baked products, particularly at elevated temperatures over 220°C. [46] Incorporation of protein-rich cowpea (24-26 wt%) to baked wheat flour bread resulted in increased water absorption in the dough, and reduced volume in the baked bread, leading to compact structures. [47] Sufficiently high baking temperatures (>200°C) are needed to create good texture in baked snacks, but effort is needed to understand and mitigate the quality losses that may come from incorporating WPC80 or CP.
Dietary carbohydrates are digested at different rates in the human small intestine and depending on the botanical source the rate at which blood glucose elevates differ. [24] In one review, it was shown that slowly absorbed carbohydrate produces beneficial effects on managing chronic diseases, and that fast-release carbohydrate, highly processed, results in higher blood glucose levels and greater insulin demand. [48] Nutrition researchers have developed and correlated in vitro digestion methods that estimate or predict the glycemic response of starch based food products using in vivo glycemic responses. [24] For example, Bornet [49] showed excellent correlation of the percentage of starch hydrolysis in vitro to the in vivo glycemic response after 30 minutes. Epidemiological studies show strong links between type 2 diabetes and other metabolic syndromes to consumption of products exhibiting rapidly available glucose, RAG. [50] Looking strictly at the potential glycemic index, RAG, cassava (48) products would seem to offer an advantage, but including WPC80 negates that benefit, increasing RAG to 77. Adding WPC80 and CP to cassava increased RAG to 61. However, with barley (61) or corn (54) , adding WPC80 and CP reduced RAG to 42 for barley and 48 for corn. Englyst et al. [24] determined that rapidly available glucose (RAG) is an excellent predictor of the glycemic response and explains approximately 61% of the glycemic response measured in vivo. RAG is highly correlated to the glycemic index when tested against human subjects.
[10] For instance, the addition of lentil flour to an extruded snack product lowered the glycemic index, RAG. [11] Others 356 ONWULATA ET AL.
have found high correlations of in vitro starch hydrolysis to the glycemic index and response. [51, 52, 53, 54, 55] 
CONCLUSION
The physical properties and glycemic potential responses observed for the selected extrusion process conditions, and the inclusion of WPC80 or CP to the products, was carbohydrate-source dependent. Clearly, the solubility and gelatinization of each carbohydrate source differed, and how rapidly or slowly the glucose was digested depended on those responses. The effect of adding WPC80 or CP depended on the interaction of starch, protein, and fiber. Adding WPC80 and CP was positive (decreasing RAG) in barley and corn, neutral to quinoa, and negative (increasing RAG) for cassava products. Each carbohydrate source needs independent study for its characteristic interactions and effects. For low-glycemic product application, mixtures of corn meal, barley flour, quinoa, and cashew pulp or other starches in proportions needed to create expanded snack products can help alleviate sucrose-surge stress and may help fight obesity. Product quality characteristics are carbohydrate-source dependent, meaning that the response depends on the choice of grain or tuber selected. Inclusion of WPC80 or CP may or may not decrease the potential glycemic indices RAG or SAG. Ultimately, in some products like cassava with WPC80 or CP, the initial glucose surge (20 min), RAG, may increase, but after 120 min, SAG, decreases.
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